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INTRODUCTION 


This survey presents a summary of information 
for the analysis and design of one class of ocean 
structure, the moored cable system. The survey is 
divided into three broad analytical categories: (1) 
steady-state analysis, (2) dynamic analysis, and (3) 
cable-strumming analysis and design considerations. 
The information is presented in a format which will 
help the engineer select a computer program, analyti- 
cal model, or design tool which best fits his analysis 
or design needs. 

Three previous surveys on the analysis of cable 
systems under hydrodynamic loading have 
summarized steady-state and dynamic models availa- 
ble to mid-1970 [1], summarized some of the new 
dynamic models to early 1973 [2], and reviewed the 
various mathematical techniques used in dynamic 
analysis [3]. The present survey attempts to update 
and complement these surveys to give a more com- 
plete picture of the state-of-the-art of steady-state 
and dynamic analyses and to present a summary of 
analytical techniques and design considerations for 
predicting and suppressing cable strumming. 

Figure 1 presents the terminology used in this 
survey to describe the various mooring types. It is 
particularly noted that the terms used in Figure 1 to 
describe the moorings refer to the number of “‘legs” 
involved and not the number of buoys. 


STEADY-STATE ANALYSIS 


Table 1 presents computer programs for the 
steady-state (static) analysis of moored cable systems. 
These programs attempt to predict the distribution of 
stresses in the cables and the geometry of moorings 
under the action of steady currents or other time- 
independent forces. Information on how program 
authors can be contacted and source reference num- 
bers are presented to enable the reader to obtain 
more details on the programs in which he is inter- 
ested. 


Terminology of Table 1 


Each of the descriptive terms used in Table 1 are 
briefly discussed below. 


Program Dimensionality. Programs for the 
analysis of moored cable systems may be one-, two-, 
or three-dimensional. Hlowever, most steady-state pro- 
grams are either two- or three-dimensional so that the 
effects of nonaxial loadings (current forces, etc.) can 
be accounted for. Two-dimensional programs are use- 
ful for the analysis of single-point mooring systems in 
coplanar force fields. Three-dimensional programs are 
used in conjunction with multileg structures and non- 
planar force fields. Eleven of the 27 entries in Table 1 
are two-dimensional, 16 are three-dimensional. 


Mooring Type. The terms used to define the 
mooring are given in Figure 1. Most of the programs 
in Table 1 are for the single-point mooring only. The 
program by R. A. Skop is a general one that can be 
applied 
configurations. 


to a variety of complex mooring 


Cable Material. A length of cable is compound 
if its physical or mechanical properties (area, modu- 
lus, etc.) vary along its length. A cable is extensible if 
it stretches under load. Both these cable characteris- 
tics are modeled by most of the programs in Table 1. 


Current Profile Variation With Depth. Ocean 
currents at any specific point can vary in magnitude 
and direction with depth and time. The effects of 
current variations with time are beyond the capa- 
bilities of the static programs unless the changes 
occur very slowly so that the time-dependent forces 
are very small. Gross errors can result if ocean-current 
regimes are not properly modeled by the computer 
program. The majority of the programs in Table 1 can 
model variations in current magnitude with depth; 13 
programs can model current profiles that vary in 
magnitude and direction with depth. 


Program Validation. None of the programs pre- 
sented in Table 1 yield exact solutions because of 
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assumptions associated with the structure and with 
hydrodynamic loading criteria and because of errors 
inherent in the computational techniques and 
machines. Therefore, to provide full confidence in a 
program it should be validated by comparing pre- 
dicted results with precise experimental data. How- 
ever, because little experimental data exists to 
validate programs, only a few of the programs for the 
simple mooring types have been validated. 


Assumptions. The assumptions vary from pro- 
gram to program but basically center on the method 
used to model the structure and on the simplifica- 
tions used in the calculation and application of the 
hydrodynamic loading forces. 


Remarks. A brief summary of program charac- 
teristics and capabilities are presented, and the availa- 
bility of program listings is indicated. 


Survey Results 


All the programs presented in Table 1 are 
operational. It should be mentioned that some of the 
dynamic programs use a steady-state program to 
establish a starting point for dynamic analysis. The 
entries in Table 1 based on Reference 16 by Patton 
and on References 37 and 38 by Goodman and 
Sargent are examples of static programs which are 
extracted from a dynamic program. 


DYNAMIC ANALYSIS 


In this section computer programs for the 
dynamic analysis of moored cable systems are pre- 
sented. These programs try to simulate the dynamic 
response of various moored structures under the 
action of time-dependent forces other than those pro- 
duced by vortex shedding. Table 2 presents the pro- 
grams and attempts to update and complement the 
surveys presented in References 1 through 3. 


Terminology of Table 2 


Each of the descriptive terms found in Table 2 
are briefly discussed below. 


Program Dimensionality. As with the 
steady-state programs, the dynamic programs may be 
one-, two- or three-dimensional. The two programs in - 
Table 2 that are one-dimensional examine the behav- 
ior of a mooring system along the cable axis. The 
remaining programs are concerned with tensions and 
displacement of the system in a plane or in space. The 
authors of several of the two-dimensional programs 
feel that extension to the third dimension would not 
require large amounts of reprogramming. To simulate 
the ocean environment, particularly near the surface, 
three-dimensional analysis is many times a necessity 
because of nonplanar wind, wave, and current forces. 


Mooring Type. Again the reader is referred to 
Figure 1 for definitions of the terms used to describe 
mooring-system types. Most of the programs listed in 
Table 2 are for the single-point mooring. 


Solution Method. A variety of solution methods 
are used in the dynamic programs. Reference 3 gives 
an excellent summary of the methods with their 
merits and demerits. 


System Excitation. The environmental factors 
which produce the dynamic system response are sum- 
marized here. The excitation sources are related to 
wave, wind, or current. 


System Damping. The forces generated by 
mooring systems which oppose the dynamic response 
of the systems are called damping forces. Damping is 
generally hydrodynamic- or cable-related but may be 
assumed to be a function of the geometry or mass of 
the system. An excellent presentation of the Voight 
and Maxwell linear-damping models for cables is given 
in Reference 40. 


Properties of Cables. The assumptions associ- 
ated with the cables are summarized here. In most 
cases all forces and mass are assumed to be concen- 
trated at discrete points along the cable. The cables 
are assumed either to be completely flexible and 
elastic or to be made up of a series of springs or rigid 
segments interconnected with springs. 


Status of Program. Information on whether the 
program Is operational or proprietary Is given. 
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Remarks. A brief description of the program is 
given along with information concerning assumptions, 
computer-time requirements, and where a program 
listing may be found. 


Survey Results 


It is evident, after surveying the literature on 
moored-cable-system analysis in general and 
dynamic-cable analysis in particular, that two major 
deficiencies exist. First, experimental data to validate 
the programs are lacking; without this data, the pre- 
cision and reliability of the programs are in doubt 
and, thus, the programs are of limited usefulness. 
Second, the dynamic programs must be generalized 
and streamlined so that complex, three-dimensional, 
moored structures can be analyzed using reasonable 
amounts of computer time. 


CABLE-STRUMMING ANALYSIS AND DESIGN 
CONSIDERATIONS 


When a cable is exposed to crossflow and the 
resulting Reynold’s number lies between 90 and 
approximately 1 x 10° 
of the cable, producing a fluctuating fluid pressure. 


vortices spring from the sides 


The resulting forces cause the cable to vibrate in a 
plane normal to the directional fluid flow. This trans- 
verse vibration is cable strumming (see References 42, 
69, 70, and 71 for descriptions of vortex-shedding, 
cable strumming phenomenon). Cable strumming in 
moored-cable systems produces cable fatigue, high 
acoustic noise levels, and increased drag. These fac- 
tors all work to the detriment of the mooring and can 
cause failure or unacceptable performance. Thus, 
reliable methods for predicting when cable strumming 
will occur and ways to suppress strumming must be 
developed. 

One way to predict and describe the cable- 
strumming phenomenon would be to solve the time- 
dependent Navier-Stokes equations for the three- 
dimensional separated flow that is characteristic of 
cable strumming. Unfortunately, such a solution at 
this time is not possible because the strumming 
phenomenon still needs to be better understood. 


What is required is some “tool” that permits reliable 


prediction and description of cable strumming with- 


out being dependent on a complete numerical solu- 
tion to the Navier-Stokes equations. 

Below, information is presented to aid in the 
analysis and design of moored-cable systems that may 
be subjected to cable strumming. 


Mathematical Oscillator Models 


The oscillator models, presented in Table 3, 
attempt to duplicate the experimentally observed 
behavior of cables and other bluff bodies in cross- 
flow. None of the models given in Table 3 is capable 
of predicting or describing cable strumming, but these 
models form a base of information that, with further 


development, may result in a predictive tool. 
Flow Field Models 


Table 4 presents the flow field models which 
attempt to describe the flow fields near bluff bodies 
in crossflow. Advanced versions of these models may 
directly result in predictive and descriptive informa- 
tion for cable strumming; or they mav produce new 
insight into the strumming phenomenon that, in turn, 
can be applied to the development of predictive or 
descriptive tools. 


Cable-Strumming Design Considerations 


This section presents currently available infor- 
mation pertaining to strumming prediction, increased 
drag due to strumming, and strumming suppression. 
Though this design information yields only rough 
approximations, it will show a design engineer how to 
determine if strumming is probable, what can be done 
to estimate the resultant increase in drag for short 
smooth cables, and what methods are available to 
eliminate strumming. 

Strumming Prediction. Experimental studies 
have shown that flexible cylinders and cables are 
induced to vibrate by vortex shedding at frequencies 
approximated by the String Equation [103, 104]. 
The string equation for vibration in water is: 
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where f, = 


natural frequency (Hz) 
mode number (1, 2, 3 ...) 
L = cable length (ft) 

T = cable tension (Ib) 


virtual mass of cable (slug/ft) 


= mass of cable + mass of 
equivalent volume of water 


it has also been shown that the approximate 
frequency of vortex shedding from relatively short* 
cylinders and cables perpendicular to flow may be 
characterized by the Strouhal Equation [103, 104]. 
The Strouhal relation is 


f, = SV,/d (2) 
where f, = Strouhal frequency (Hz) 
S = Strouhal number = 0.2 when 
2x 10% <R<1 x 10° 
V, = free stream velocity (ft/sec) 
= diameter of cable (ft) 
R = Reynolds Number 


When the cable is inclined to the flow by an 
acute angle @ between the free stream and the cable, 
then the Strouhal relation is: 


f= 


- (SV, sin@)/d (3) 

When the Strouhal frequency is found to be 
nearly the same as the natural frequency of the cable, 
the maximum vibration amplitude (for example, the 
worst strumming) occurs. The first step in investi- 
gating a cable segment for its propensity to strum- 
ming is to assign preliminary design values to the 
parameters in the string and Strouhal equations and 
then to determine if the resulting frequencies are 
nearly the same. If the frequencies are close, large- 
amplitude cable strumming may occur; if the fre- 
quencies are not close for several mode numbers, 


vibrations, if present, will probably be of small 
amplitude. 


Increased Drag Due to Strumming. The follow- 
ing equation has been developed to predict the 
maximum drag coefficient (values for Cy when 
f.=f,) that can be expected in short sections of a 
strumming, smooth, circular cable [103, 104] : 


Cp, = Cpl + 10(d?/M,)?] (4) 
where Cp. = drag coefficient for strumming 
cable 
Cp = drag coefficient for stationary 
cable 
d = cable diameter (ft) 


M, = virtual mass of cable (slug/ft3) 


Equation 4 has been verified for small-diameter 
(0.057 in. < d < 0.140 in.) smooth cables of mass per 
unit length from 1.16 x 10+ to 9.3 x 10% slug/ft 
over a range of Reynolds numbers from 300 to 1,300. 
No verification of the equation has been made for 
stranded cables. 


Strumming Suppression. If strumming must be 
reduced or eliminated in a cable, changes can be made 
to the cable system so that the natural frequency and 
Strouhal frequency are much different or a cable 
fairing can be added to disrupt the vortex-shedding 
process. Figure 2 shows how four cable fairings com- 
pare in terms of strumming drag coefficient and 
strumming force over a range of Reynolds numbers. 
In Table 5, several additional fairings are described 
and performance characteristics listed. It should be 
noted that for some fairings the drag coefficient is 
increased over that of a bare cable even though strum- 
ming force or vibration amplitude is reduced. 

To summarize, analysis and design procedures to 
predict, describe, and suppress strumming in long 
cables under oceanic conditions are not possible. 
Today’s procedures consist of comparing the natural 
frequency of a cable (Equation 1) with the Strouhal 
frequency for the cable in flow (Equations 2 or 3) to 
determine if strumming is likely. If strumming is 
predicted on this basis, changes are made to the 
system or some fairing is added to the cable. 


* A short cable is one that does not exhibit large variations in normal velocity component due 
to either streaming (bending® of the cable or nonuniform current profiles, 
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CONCLUSIONS AND RECOMMENDATIONS 


1. The steady-state analysis of complicated, multileg, 
redundant, submerged mooring systems is now 
possible. 


2. The dynamic analysis of simple mooring systems, 
such as the single-point mooring and the bi-mooring is 
now possible. 


3. Precise validation data for the steady-state and 
dynamic programs are needed to quantify the errors 
associated with the various techniques and to help 
select correct hydrodynamic loading criteria and 
added mass and damping coefficients used in the 
computer programs. 


4. Analysis and design procedures need to be 
developed to reliably predict, describe, and suppress 
strumming in long cables in an ocean environment. 


5. Experimental data are needed to aid in the devel- 
opment of a reliable tool to predict and describe 
cable strumming and in the development of practical 
strumming suppressors. 
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